Coexistence of Dirac-Cone States and Superconductivity in Iron Pnictide 

Ba(Fe 1 _ I Ru,As) 2 
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The Ru doping effect on the Dirac cone states is investigated in iron pnictide superconductors 
Ba(Fei_ a; Ru a ;As)2 using the transverse magnetoresistance (MR) measurements as a function of 
temperature. The linear development of MR against magnetic field B is observed for x = - 0.244 
at low temperatures below the antiferromagnetic transition. The B-linear MR is interpreted in 
terms of the quantum limit of the Dirac cone states by using the model proposed by Abrikosov. 
An intriguing evidence is shown that the Dirac cone state persists on the electronic phase diagram 
where the antiferromagnetism and the superconductivity coexist. 
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Despite a quite large energy scale for the pairing in- 
teraction attributed to the exchange interaction J be- 
tween Cu spins (~ 2000 K), the small superfiuid den- 
sity and short coherence length of high-T c cuprates can 
cause bulk superconducting (SC) state to break down 
due to the phase fluctuation [H, In order to real- 
ize the bulk SC state at the temperature as high as the 
pairing energy, the coherency of the Cooper paired elec- 
tronic states must be enhanced. In the case of a two- 
dimensional Pb granular system, it has been shown that 
deposition of Ag on a Pb film enhances intergranular in- 
teractions, resulting in the immediate development of a 
bulk SC state In high-T c cuprates, a similar increase 
in the bulk T c has been reported for a bilayer film com- 
prised of underdoped La2_xSr2;Cu04 coated with heav- 
ily overdoped metallic La2_ :c Sr ;!: Cu04 It has been 
proposed that the superconducting domains, which oc- 
cur in the Fermi liquid states despite they are in fermi- 
ologic or nonfermiologic, form one after another as the 
carrier concentration increases and that coherent bulk 
SC occurs via Josephson coupling or proximity effects. 
Thus, Fermi surfaces with high mobility behind Cooper 
paired electronic states are essential to realize a robust 
bulk SC state. From a physics viewpoint, the coexis- 
tence of highly mobile carriers and superconductivity is 
important for achieving high-T c superconductors, and the 
recent discovery of Dirac cone states in the another high- 
Tc material iron pnictide superconductors provide a good 
research stage to study this idea. The Dirac cone state 
is a novel electronic state with ideal massless fermion 
character. It has been theoretically predicted to exist 
in iron pnictide superconductors via special band fold- 
ingbelow the antiferromagnetic transition temperature 
and experimentally confirmed in Ba(FeAs)2 (8rfl0|. 
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FIG. 1: (color online) Concept of electronic phase diagram in 
high temperature superconductor (a) with Dirac cone states 
(b) with the Mott insulator. The strong Josephson coupling 
of SC islands due to the high mobility state of the Dirac cone 
immediately develops the bulk superconductivity in (a), while 
the bulk T c is suppressed by the strong thermal fluctuation 
effect due to the weak coupling of SC islands in the insulating 
background in (b). 



There are many reports showing that antiferromagnetic 
phase survives in iron pnictide superconductors in the un- 
derdoped regime of the electronic phase diagram, where 
T c increases with an increase in concentration of sub- 
stituents It has been reported recently that an 

inhomogeneous microscopic phase occurs between the su- 
perconducting phase and the mag netically ordered one 
in the case of Bai_ K K a; Fe2As2 [ll|,ll2f. In addition, the 
microscopic coexistence of antiferromagnetism and su- 
perconductivity in Ba(Fei_ a; Co a ;As)2 has been suggested 
I bij . Consequently, highly mobile carriers in the Dirac 
cone states behind the Cooper paired electronic states in 
parabolic bands are thought to enhance the coherency of 
the Cooper pairs via a scattering process (Fig. 1). 

We investigated this intriguing electronic states using 
a Ru substituted pnictide, Ba(Fei_ 2; Ru a ;As)2, so that 
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TABLE I: The Ru concentration x, the lattice constant, the 
structure and the magnetic transition temperature Ts, the 
onset and the middle of the superconducting transition tem- 
perature T c onsBt and T c for Ba(Fei_ x Ru a; As)2 single crystals. 



the Dirac cone states remained at high concentrations 
of the substituent. Theoretically, it has been predicted 
that nonmagnetic impurities do not affect the Dirac cone 
states, whereas magnetic impurities destroy it Re- 
cent studies on the Nernst effect in Eu(Fei_j;Co^As)2 
and magnetotransport in Ba(Fei_ x TM x As)2 (TM = Co, 
Ni, Cu) indicate that the influence of the Dirac fermion 
on electronic transport is greatly suppressed by substitu- 
tion with magnetic impurities [161 Il7j | . Because the Ru 
4d orbital is isoelectronic to the Fe 3d orbital, substi- 
tution with Ru should not disturb the Dirac cone state 
Therefore, we thought that Ba(Fei_ x Ru x As)2 
was an ideal system for exploring the coexistence of su- 
perconductivity and Dirac cone states. We showed that, 
by applying the transverse MR as a function of magnetic 
field (B) and temperature (T), the Dirac cone state per- 
sists in the underdoped regime of Ba(Fei_ a; Ru a ;As)2 and 
coexists with the superconductive phase. 

Single crystal of Ba(Fei_^Ru 2: As)2 were grown by the 
flux method using the FeAs flux. Details were described 
in elsewhere [llj]. The qualities of single crystals were 
checked by the synchrotron X-ray diffraction measure- 
ments at the beam line BL02B2, SPring-8. Electrical re- 
sistivity p measurements were also carried out using the 
four-probe method to check the quality of the samples. B 
dependence of the in-plane transverse MR measurements 
were carried out using the 4 probe methods in -9 T < B 
< 9 T at various fixed temperatures 2 K < T < 150 K. 

The Ru concentration (x), the crystal lattice con- 
stants, the structure and magnetic transition tempera- 
ture (Is), and the onset and the midpoint of the SC 
transition temperature (T c onsct and T c , respectively) for 
Ba(Fei_ a; Ru 2: As)2 single crystals are listed in Table 1. 
The value of x for Ba(Fei_ K Ru K As)2 was determined by 
employing the relationship between the c-axis lattice con- 
stant and x, as previously reported. The values of Ts 
were determined from the derivatives of the temperature 
dependences of p. Details are described elsewhere [l8j . 

The B dependence of MR for Ba(Fei_ a; Ru a ;As)2 with 
x = 0.190 at 20 K is shown in Fig. 2(a). The evolution 
of MR as a function of B is convex in the low- B regime. 
The T dependence of the resistivity p shows a large drop 
below 21.4 K due to the SC transition. The convex cur- 
vature of MR suggests that a crossover occurs from an 
SC state at low B to a normal state at high B. In order 
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FIG. 2: (color online) (a) Magnetic field (B) dependence of 
the magnetoresistance (MR) for Ba(Fei_ a; Ru a ;As)2 with x = 
0.190 at 20 K. (b) The B derivative of MR for x = 0.190. The 
blue lines were fitted with dMR/dB above \B\ = 4 T. 



to clarify the gradient of AIR in the normal state, the B 
dependence of the derivative of MR, dMR/d-B, for x = 
0.190 is plotted in Fig. 2(b). A decrease in dMR/dB was 
observed in a low B, and then it increased above 4 T. In a 
high B, dAIR/dB became saturated. In fact, the extrap- 
olated line of dMR/dB above | ± 4T| shown in Fig. 2(b) 
deviated from the ideal value of dAIR/dS = under B — 
T, indicating that the MR cannot be described as MR 
oc B 2 , which is the conventional MR behavior for metals 
in the low B regime, but can be described as MR oc B in 
the Dirac cone states in the high B regime. 

The B dependences of MR and dMR/dB for 
Ba(Fei_ ;E Ru ;E As)2 for various x at 2 K are shown in 
Figs.3(a) and (b). For x = 0.150-0.244, where the SC 
transition is observed below 20-22 K, the data at 22 K 
are shown in Figs. 3(a) and (b). For x = 0, MR devel- 
oped linearly with B, and dMR/dS saturated above 2 T. 
The values of MR decreased with an increase in s. As x 
increased, dMR/d_B oc B in a low B, and it saturated in 
a high B for x = 0-0.150. We defined the critical mag- 
netic field B* as the intercept point of the straight lines 
for dMR/d-B oc B in the low B regime and the one in 
the high B regime where dMR/dB saturates. Above x 
= 0.150, dMR/dB deviated from a straight line with B 
in the high B regime, as shown for x — 0.190 and 0.244 
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FIG. 3: (color online) (a) Magnetic field (B) dependence of 
the magnetoresistance (MR) for Ba^ei-xRu^As^ with x = 
0-0.150 at 2 K (close circle) and x = 0.150-0.244 at 22 K 
(open circles), (b) B derivative of MR for Ba(Fei_a;Rua;As)2 
with x = 0-0.150 at 2 K (open circle) and x = 0.150-0.244 
at 22 K(closed circle). Inset of (b) shows a magnified plot of 
the B derivative of MR for x = 0.190 and 0.244. Solid lines 
represent linear fittings in the semiclassical region. 



in the inset of Fig. 3(b). 

In order to analyze the data, we employed a theoretical 
model proposed by Abrikosov [l9j . The energy splitting 
between th and 1 st Landau levels in the Dirac cone states 
is described in Eq. (1). 



All = ±v F V2ehB 
B* = (l/2ehvp)(Ep 



k B T) 2 



(1) 

(2) 



In the quantum limit, all carriers occupy the th Lan- 
dau level, and All becomes larger than both the Fermi 
energy (Ep) and the thermal fluctuations at a finite tem- 
perature (kBT). In this case, MR is not described using 
the semiclassical equation MR ~ B 2 but using MR ~ 
(Ni/enn 2 )B, where N\ is the number of impurities and 
riD is the number of carriers. For a conventional parabolic 
band, a linearly independent MR can be observed in the 
quantum limit. However, the energy splitting of the Lan- 
dau levels for a conventional parabolic band is described 
by All = ehB/m* and the evolution of All with in- 



creasing B is much slower than that for the Dirac cone. 
Consequently, it is not possible to observe quantum limit 
behavior for the parabolic bands for Ba(Fei_ K Ru a; As)2 
below 9 T. 

Figure 4(a) shows the temperature dependence of B* 
as a function of T 2 . For x = 0.150, B* was estimated 
above 22 K because the temperature dependence of p 
drops due to the SC transition below 22 K, as explained 
earlier. The values of B* for x = 0.190 and 0.244 were 
not estimated for accuracy because dMR/df? was not 
sufficiently saturated. The B* values increased mono- 
tonically with T 2 for x = 0-0.150. At B = B* , A LL can 
be expressed as the sum of Ep and fceT, as shown in Eq. 
(2). The curves for each x fitted with B* as a function 
of T are shown as solid lines in Fig. 4(a), and they agree 
with Eq. (2). 

The linealy independent MRs for Ba(Fei_ 2; Ru a ;As)2 
with x = 0-0.244 are consistent with the quantum limit 
behavior of MR in a Dirac cone state [l(| ■ Moreover, the 
temperature dependence of the estimated B*s for x = 
0-0.150 can be described using Eq. (2), which is based 
on the Abrikosov model, as described earlier. Therefore, 
the Dirac cone states remain after substitution with Ru 
and are present in the electronic phase diagram where 
both antiferromagnetism and superconductivity occur at 
the same time. We estimated both Ep and vp using the 
value of B* and plotted them as a function of x in Figs. 
4(b) and (c). 

Ep increased with an increased in x, whereas vp 
slightly decreased with an increase in x. The results in- 
dicated that the Ru 4d orbitals caused a larger extension 
of the wave function than the Fe 3d orbitals did. The 
on-site Coulomb repulsion (U) becomes smaller, and the 
bandwidth (W) becomes larger to modify the band re- 
construction, influencing the band folding and, thus the 
Dirac cone states. It is noted here that only the domi- 
nant terms from the Dirac cone states with higher mo- 
bilities affect MR. Density functional theory calculations 
suggest that substitution with Ru does not increase the 
number of carriers but does increase the bandwidth of the 
Fe 3d orbital via hybridization with the Ru 4d orbital, 
which has a larger spacial distribution of electrons [20| . 
Experimentally, ARPES suggests that band renormaliza- 
tion occurs in the overdoped regime of Ba(Fei_ a; Ru a ;As)2 



21j . and thermoelectronic power measurements suggest 
that the Fermi surface topology changes in x = 0.07 and 
0.30 22]. In other words, the increase in Ep that we 
observed above x = 0.051 may be due to the change in 
the Fermi surface topology or band renormalization ef- 
fects. To the best of our knowledge, there are no reports 
on the vortex liquid phase as well as the SC fluctuations 
at temperatures well above the bulk T c [ill [23[ for iron 
pnictide superconductors, although they are important 
characteristics of high-T c cuprates [24| . In the present 
experiments, the Dirac cone states remain after substitu- 
tion with Ru and coexist with superconductivity at low 
concentrations of Ru. This suggests that the domains 
made by Cooper paired electrons are more coherent due 



4 



* 
sq 



(a) 



x = 0.150 



0.102 



0.051 
0.022 , 






15 


> 

QJ 


10 


a 




b 


5 







(S/UI 


3 


o 


2 








1 








"(b) 


* 


• • 




(c) 




• • 


• 



2 3 
t 2 (10 3 K 2 ) 



0.05 0.10 0.15 0.20 

jc(Ru) 



FIG. 4: (color online) (a) B* vs. T 2 plot for 
Ba(Fei_ x Rua;As)2 with x = 0-0.150. The solid lines were fit- 
ted using B* = (l/2ehv v 2 ){E ¥ + k B T) 2 . The x dependence 
of (b) E F and (c) v F for x = 0-0.150. 



to the high mobility of the Dirac cone states. More de- 
tailed calculations are needed to explain the electronic 
phase diagram of Ba(Fei_ x Rua;As)2 as well as Ep and 



vp of the Dirac cone states determined in the present 
experiments. 

We investigated the effect of Ru doping in iron pnic- 
tide superconductor Ba(Fei_ x Ru :c As)2 on MR. Linearly 
independent MRs were observed below the structure and 
magnetic transition temperature (Ts), and in the high B 
regime, a normal state was observed for x = 0-0.244, 
which is consistent with the quantum limit behavior of 
MR in the Dirac cone states. B* values estimated for x 
= 0-0.150 were explained in terms of the Landau level 
splitting for Dirac cone states. Thus, we concluded that 
the Dirac cone states in Fe pnictides remain after sub- 
stitution of Fe with Ru and are present in the electronic 
phase diagram where antiferromagnetism and supercon- 
ductivity coexist. 
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